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Introduction
While enzymatic activities have generally been the preferred starting point for the development of drugs targeting biological processes, there are not always suitable tractable enzymatic targets in signalling pathways of interest. In such cases, the transfer of biological signals is likely to be also dependent on specific protein-protein interactions (PPIs), which can make attractive alternative targets for drug discovery. The selection of a suitable binding assay is a key factor in the development of screens to identify inhibitors of protein-protein interactions. The selection process for a cell-free, or biochemical, assay will depend mainly on the nature of the protein complex under investigation, in particular the binding affinities and solubilities of the components. Protein complexes with low binding affinity pose a particular challenge for drug screening assays for a number of reasons. First, for optimal biochemical assay screening, one of the protein concentrations should be close to the K d (dissociation constant) of the complex binding affinity. At this concentration, the protein will exist in a 50% unbound and 50% complexed state, which, in the screening process, allows for detection of weakly binding compounds that disrupt the protein interaction of interest. Protein complexes with weak binding affinities (low micromolar and above) thus require large amounts of proteins for drug screening, which is not always feasible, especially for poorly soluble proteins. Second, weak binding protein complexes require more screening reagents when using biochemical assays such as HTRF (Homogeneous Time Resolved Fluorescence) which may be prohibitively expensive for high throughput screening 1, 2 .
The RAS family of oncoproteins (HRAS, NRAS and KRAS) are key regulators of cellular proliferation and when mutationally activated, as in many cancers, can drive tumor formation. They cycle between inactive (RAS-GDP bound) and active (RAS-GTP bound) forms, with the latter contributing to a wide range of cellular signaling through direct interaction with effector enzymes such as RAF protein kinase isoforms (ARAF, BRAF and CRAF/RAF1) and members of the PI3K family of lipid kinases (p110α, δ and γ) through their RAS binding domains (RBDs), resulting in the activation of the MAPK and PI3K signaling pathways [3] [4] [5] [6] [7] . Oncogenic mutations in RAS lock it into the GTP-bound form, causing the constant activation of downstream pathways thereby contributing to the genesis of several commonly occurring types of cancer 6, 8, 9 . Therefore, finding inhibitors that can block the RAS/RAF and/or the RAS/PI3K interaction would be a significant development toward future cancer therapies [10] [11] [12] . However, a significant stumbling block in the quest to inhibit these protein complexes is the fact that RAS interacts with RAF and PI3K with two widely differing affinities (K d ∼ 20 nM and 3 µM respectively) [13] [14] [15] . The relatively weak interaction between RAS and PI3K makes this a challenging protein complex for the selection of a suitable biochemical assay for drug screening for the reason addressed above.
The Nano ® assay provides a tool for detecting protein-protein interactions in live cells ( Figure 1A) . The assay is based on splitting the engineered luminescent protein NanoLuc ® into two separate subunits, the small BiT (SmBiT, 1.3 kDa in size) and the Large BiT (LgBiT, 18 kDa in size). These SmBiT and LgBiT subunits (hereafter Sm and Lg) interact very weakly with an affinity of K d = 190 µM, so their assembly to form an active luminescent complex only occurs upon the interaction of the separate binding partner proteins to which they are fused. The NanoBit cellular assay has proved successful in several cellular PPI studies 16 . Nevertheless, cellular assays are usually more demanding, do not work for compounds that are not cell membrane permeable and do not produce the high throughput and consistency offered by biochemical assays 17, 18 . Here we present the successful translation of the NanoBiT cellular assay to a biochemical assay, which we have termed the NanoBit Biochemical Assay (NBBA). The NBBA proves efficient in detecting both the strong and weak interactions between RAS/RAF and RAS/ PI3K respectively. Furthermore, the NBBA is responsive to various types of RAS inhibitors and can be used in small and large scale screening.
Results
Raw values for each experiment are available as Underlying data 19 .
HTRF assay is suitable for detecting the RAS/RAF interaction but not RAS/PI3K
We chose homogeneous time-resolved fluorescence (HTRF) as an initial biochemical screening assay since it has previously been shown to be a suitable format for the measurement of active KRAS/CRAF-RBD binding interactions 20 . An activated form of KRAS bearing the mutation G12C and the CRAF-RBD were expressed and purified from Escherichia coli and the KRAS loaded with GppNHP (a non-hydrolysable GTP analogue). With KRAS at 5nM and CRAF-RBD at 10 nM we obtained a clear signal of interaction between active KRAS-G12C-GppNHP and CRAF-RBD as compared to the inactive KRAS-G12C-GDP ( Figure 2A ) 19 .
To determine if a similar specific response could be seen with p110α we used the full-length p110α fused to GST produced in baculovirus, as the isolated PI3K and their RBDs are known to be poorly soluble 21 . Since p110α is not as soluble as KRAS, we kept the concentration of p110α low (10 nM) and added the KRAS at 3 µM (approximately the interaction K d ). This posed a challenge for HTRF as the labelling reagents also needed to be at a high concentration, using large amounts of reagent and resulting in high background signals. KRAS was labelled with either streptavidin-europium or streptavidin-XL665; coupled with either p110α labelled with Anti-GST XL665 or streptavidin-europium, respectively. Only a low signal was achieved ( Figure 2B , C) 19 with KRAS-GppNHP compared to KRAS-GDP, suggesting that this approach was not promising for further follow up. Together, these results show that whilst the HTRF assay is appropriate for strong PPI, such as RAS/RAF binding, it is unsuitable for much weaker interactions such as RAS/p110α.
Translation of the NanoBiT cellular assay to a biochemical assay
To pursue the development of an assay for relatively weak protein interactions, we conducted several experiments aimed at transforming the NanoBit cellular assay into a biochemical . The NanoBiT live cell assay, proteins of interest (A and B) are cloned in the NanoBiT vectors expressing either the Sm (Small-BiT) or the Lg (Large-BiT). The constructs are transfected in individual 96 well plate, followed by the addition of 25 µl 1X Nano-Glo substrate for detecting the PPI (A). In contrast, in the NBBA (B), only one transfection is required, followed by cell lysis, quantification and titration of cell lysate into 384 well plates followed by the addition of 2 or 4 µl of 1X Nano-Glo for 10-or 20-µl reaction volume respectively for detecting the PPI. assay using cell lysate from mammalian HEK293 cells. In principle, the assay involves transfecting cells with SmBiT and LgBiT expression constructs containing the target proteins of interest, followed by harvest, lysis, lysate quantification, aliquoting and addition of the Nano-Glo ® Live Cell Substrate (hereafter Nano-Glo) for detection ( Figure 1B ). The pros and cons of using cell lysates versus live cells in PPI screens are outlined in Table 1 .
We first tested the interaction of the KRAS-G12C (hereafter KRAS) oncogenic mutant with CRAF protein (hereafter RAF), to determine if the NanoBit assay was suitable for biochemical analysis. Both KRAS and RAF were cloned into the NanoBiT vectors (BiBiT vectors system) with the orientations Lg-KRAS and Sm-RAF, respectively, and co-transfected into HEK293 cells. The Lg and the Sm tags were positioned at the N-terminal KRAS and RAF, as RAS localizes on the cellular membrane via its C-terminal region and to ensure appropriate activation of RAF C-terminal kinase domain. Due to the strong interaction of RAS with RAF, we prepared a serial dilution of the cell lysate from 0.002-5 µg/µl in 20 µl reaction volumes 13 .
In addition, we used only 4 µl of 1X Nano-Glo rather than the 25 µl that is required for live cells. We detected a clear signal increase of the Lg-KRAS/Sm-RAF interaction starting from 156 ng/µl cell lysate concentration and a lack of signal from the Sm/Lg BiT alone ( Figure 3A ) 19 . We then proceeded to perform a time course of the Lg-KRAS/Sm-RAF cell lysate to determine the half-life of the Nano-Glo signal. We found the signal to increase during the first 5 min of reaction and to fall again after 20 min ( Figure 3B) 19 . The signal is lower than the experiment in (C); however, the difference between the control (TB buffer or KRAS-GDP) and the positive interaction is very narrow, which makes it unsuitable for drug screening.
Table 1. The advantages and disadvantages of the NanoBiT cellular assay vs the NanoBIT biochemical assay.

Live cell monolayer Cell lysate (biochemical)
Working with monolayer cells is costly -in particular transfection reagents, Nano-Glo reagent and cell culture plates.
Relatively cost effective as large amounts of transfection reagent and Nano-Glo reagent are not required.
Technically challenging for high throughput screening -needs to be compatible with work under a sterile environment.
Suitable for high throughput screening and does not necessitate extensive work under sterile environment.
Time consuming -takes up to two days to seed and transfect cells. Time efficient -lysate can be generated in bulk, aliquoted and stored in -80 for multiple usages.
Transfection efficiency may vary among wells, giving inconsistent results.
Transfection is only performed once, so all wells contain a uniform lysate.
Limited control over protein expression levels. Protein concentration can be optimized by diluting the cell lysate in lysis buffer.
Proteins will be expressed in their natural environment, and will have undergone all post translational modifications.
Positive hits obtained from the monolayer cells will indicate that they are also cell penetrable.
The positive hits from the cell lysate will give no indication if they are cell penetrable
The Lg-BiT enhances the solubility of poorly soluble proteins We next employed the same methodology, co-transfection of HEK293 cells with the two constructs using the same BiBiT construct orientation, to detect the interaction of Lg-KRAS with either Sm-p110α or Sm-p110α-RBD (hereafter RBDα) in the cell lysates. Since the interaction between KRAS and p110α is substantially weaker than the RAS/RAF interaction, we titrated the cell lysate from 0.01-5 µg/µl 14 . In the initial test, we failed to detect a significant signal of interaction between Lg-KRAS and Sm-p110α or Sm-RBDα ( Figure 3C ) 19 and surmised that this was due to the poor solubility of the p110α and RBDα 21 .
Since the Lg-BiT is the larger part of the NanoLuc protein and is properly folded, we hypothesized that switching the NanoBiT tags and adding the Lg-BiT on the N-terminal of p110α and the RBDα, could improve the solubility of the proteins. We found that when co-transfecting Sm-KRAS with either Lg-p110α or Lg-RBDα, we now detected a clear increase in signal of interaction between Sm-KRAS/Lg-p110α and Sm-KRAS/Lg-RBDα, with an ideal lysate concentration range of 0.025-1.6 µg/µl ( Figure 3C ) 19 . This suggests that fusion to the Lg-BiT can indeed improve the solubility of poorly soluble proteins. Since the signal obtained from the Sm-KRAS/Lg-RBDα was significantly stronger than the one obtained with the Sm-KRAS/Lg-p110α interaction, we decided to continue our study using the isolated RBDα rather than full-length p110α. In addition, we constructed an RBDα negative control (termed Lg-RBDα-DM) by inserting two mutations in the RBDα (T208D and K227A) that are known to block the interaction of p110α with RAS 12 .
Co-expression of Sm-KRAS/Lg-RBDα is more efficient than individual expression in detecting the complex interaction We additionally tested the signal from Sm-KRAS/Lg-RBDα complex formation and the efficiency of the luminescence by expressing both proteins separately in HEK293 cells. We applied a two-dimensional (2D) titration of both Sm-KRAS and Lg-RBDα in 96 well plates to determine the concentration of each protein needed to give an ideal signal of PPI that could be used for drug screening. We found that using the Sm-RAS lysate at 4.5 µg/µl with Lg-RBDα lysate at 9 µg/µl gave a luminescence signal around 588 RLU (Relative Luminescence Signal) -intermediate between the highest (905 RLU) and the lowest (56 RLU) signal, which could be suitable for drug screening ( Figure 3D ) 19 . However, it appeared that greater quantities of cell lysates were needed from individually expressed Sm-RAS and Lg-RBDα than with the co-expressed lysate to obtain a comparable signal. This was further tested by titrating both co-expressed and individually expressed Sm-KRAS and Lg-RBDα/DM (Lg-RBDα or Lg-RBDα-DM). We observed that in the individually expressed lysates we needed around 0.2 µg/µl Sm-KRAS + 8 µg/µl Lg-RBDα to obtain an RLU signal of ∼1000, whereas in the co-expressed lysate we only required 1 µg/µl to reach a comparable level. The Lg-RBD-DM showed no signal increase with the individually expressed lysate, and only a slight signal increase (compared with the Sm-KRAS and Lg-RBDα signal) at higher concentrations in the co-expressed lysate ( Figure 3E , F) 19 . However, in the case of Lg-KRAS and Sm-RAF, we did not witness a significant difference between co-expressed and individually expressed lysates when Lg-KRAS was titrated in the presence of 0.3 µg/µl Sm-RAF ( Figure 3G ) 19 . The differences in signal strength between the individually and the co-expressed Sm-KRAS/Lg-RBDα experiments could be explained by the fact that in the co-expressed format the PPI happens prior to cell lysis and produces a relatively stable protein complex.
The NBBA is responsive to the inhibition of protein interactions Since the RAS/RAF interaction is about 150-fold stronger than RAS/p110α, we used the RAF-RBD as a competitive inhibitor of the Sm-KRAS/Lg-RBDα interaction in the NBBA. We chose cell lysate concentrations that produce a signal of around 3-4-fold higher than the negative control to avoid high concentrations that may overwhelm the sensitivity of the assay in detecting PPI inhibition. We were also interested to compare the RAF-RBD inhibitory effect on Sm-KRAS/p110α complex produced from either individually or co-expressed lysates. Firstly, with individually expressed protein lysates, Sm-KRAS was used at a concentration of 5 µg/µl with 2.3 µg/µl Lg-RBDα/DM. Second, co-transfected Sm-KRAS/Lg-RBDα-DM cell lysates were used at 0.5-1 µg/µl. We then titrated purified RAF-RBD from 400 µM-0.015 nM. In both experimental formats, we observed a constant decline of the signal with the increase of the CRAF-RBD ( Figure 3H , I) 19 . However, the individually expressed lysate format produced an estimated half-maximal inhibitory concentration (IC50) of 350 nM versus the co-expressed lysate IC50 35 nM which is closer to the generally accepted RAS/RAF complex affinity. This supports the notion that the co-expressed Sm-KRAS/Lg-RBDα cell lysate is the preferable format for the study of these PPIs.
The NBBA is suitable for testing different types of inhibitors We chose to investigate this system further by studying the efficiency of the NBBA response to other types of inhibitors. We selected three examples of recently described RAS inhibitors: Pan-RAS inhibitor 1344 (hereafter 1344), which is a weak binder of RAS (K d ∼ 17 µM), a stronger KRAS inhibitor BI-2852 (K d ~ 750 nM), and mutation-specific covalent KRAS-G12C inhibitor, ARS-1620 22-24 . In the case of 1344, we tested again the two types of cell lysate, co-expressed KRAS/Lg-RBDα/DM and individually expressed KRAS together with Lg-RBDα or Lg-RBDα-DM. The cell lysates were then treated with several concentrations of the 1344 inhibitor (2, 10, 50 and 250 µM) for 20 min prior to the addition of the Nano-Glo reagent. We found that 1344 was able to inhibit the Sm-KRAS/ Lg-RBDα PPI in a dose dependent manner and did so more efficiently in the co-expressed lysate -similar to our earlier observations with RAF-RBD inhibition ( Figure 4A , B) 19 .
Based upon the above observations, we decided to continue our studies using only the co-expressed lysate. We tested the effect of the KRAS inhibitor BI-2852 on the co-expressed Sm-KRAS/Lg-RBDα starting with lower inhibitor concentrations (0.1, 1, 10 and 100 µM) since it is a stronger inhibitor than 1344. The BI-2852 was also able to inhibit the Sm-KRAS/Lg-RBDα PPI in a dose dependent manner starting from around 1 µM concentration ( Figure 4C ) 19 .
Furthermore, we also tested the covalent RAS-G12C inhibitor ARS-1620 on the co-expressed Sm-KRAS/Lg-RBDα and Lg-KRAS/Sm-RAF PPI. The ARS-1620 predominantly targets the RAS-GDP state, therefore it is important to test its effects in live cells where the impact on GDP/GTP exchange can be assessed. Both Sm-KRAS/Lg-RBDα and Lg-KRAS/Sm-RAF were co-transfected in HEK293 cells for 48 hr. The cells were then treated with either 2 or 10 µM ARS-1620 for a further 4 hr. Cells were then harvested, lysed, sonicated and the cell lysis was quantified for PPI detection. We found that the ARS-1620 was indeed capable of reducing the signal of KRAS/Lg-RBDα and Lg-KRAS/Sm-RAF PPI at 2 µM and at 10 µM concentration ( Figure 4D , E) 19 . These results demonstrate that the NBBA is also suitable for studying the effects of covalent inhibitors on PPIs.
The NBBA can detect other PI3K family RBD interactions with RAS and has an excellent Z' value It was previously published that RAS proteins only interact with certain isoforms of PI3K, namely p110α, γ and δ, but not with p110β 14 . We therefore decided to test whether the NBBA is capable of distinguishing the different interacting isoforms of PI3K with RAS. The RBDs of p110γ, δ, and β were expressed as fusions with the Lg-BiT and tested in co-transfection with Sm-KRAS. The cell lysates of Sm-KRAS with either Lg-RBDγ, δ or β, were titrated at various concentrations by serial dilution, Nano-Glo was added and the effects analysed. The results clearly showed that Sm-KRAS interacts with p110γ and δ, but not with p110β ( Figure 5A -C) 19 .
In order to test if the NBBA would be suitable and sufficiently reproducible for measuring PPI in a drug screening setting, it was important to determine the Z' factor value across different wells in a 384-well plate and across several different plates 25 . The co-expressed Sm-KRAS/Lg-RBDα/DM lysate was aliquoted across multiple 384 well plates at 10 µl and 20 µl reaction volume -followed by the addition of Nano-Glo (2 and 4 µl, respectively). Both reaction volumes, 10 µl and 20 µl, showed excellent Z' values of 0.5 and 0.7, respectively across the 384 wells, and Z' value of above 0.5 across different plates, demonstrating that the NBBA is a robust and reliable assay for high throughput PPI and drug screening ( Figure 5D -G) 19 .
Establishing stable cell lines expressing the Lg-RAS/Sm-RAF for high-throughput screening We wanted to test the feasibility of generating cell lines that stably express the target proteins instead of employing transient expression. This would enable the production of cell lysate expressing the target proteins in a more robust and cost-effective manner. Thus, we generated CHO (Chinese hamster ovary) stable cell lines expressing the Lg-KRAS/Sm-CRAF protein complex (using the same vectors that were used in the transient transfection). The cells were seeded on plates (10 cm) and harvested after 24 hr, cell lysate was then quantified and titrated in 384-well plates as a 10 µl reaction volume ( Figure 6A ) 19 .
We then applied our established experimental procedure to the cell lysate and observed that we can indeed obtain a signal of Lg-KRAS and Sm-CRAF similar to the transient expression signal (Figure 6B ) 19 . In addition, as a negative control, we used a Sm-CRAF-R89L (hereafter Sm-RAS-M) construct that carries a single amino acid point mutation and is known to block interaction with 26 . The lysate was responsive to ARS-1620 inhibitor ( Figure 6C ) 19 . Furthermore, we used an automated dispenser to titrate the cell lysate in eight different 384 plates to calculate the Z' value. We found that all eight plates gave excellent Z' values above 0.58 ( Figure 6D) 19 , further supporting the notion that the NBBA assay is suitable for automated high throughput screening.
Discussion
From these results, we conclude that the NBBA represents a useful development of the NanoBit live cell assay. The NBBA is simple and easy to use: for example, the cell lysates of the proteins of interest can be expressed, either by transient transfection or from stable cell lines, in high quantities, quantified and stored in aliquots at -80°C for multiple usages. Moreover, since the reaction volumes are only 10 or 20 µl, only small quantities of Nano-Glo reagent are needed, which makes it a cost-effective assay. The NBBA is a sensitive assay for detecting both strong and weak PPI. In addition, the Lg-BiT provides an extra function along with its essential luminescence role, as it can improve the solubility of poorly soluble proteins -such as the RBDs of PI3K. Furthermore, we showed that the NBBA is suitable for detecting PPI inhibition using four examples of inhibitors: a strong protein competitor protein RAF-RBD, a weak small molecule pan RAS inhibitor 1344, a stronger KRAS inhibitor BI-2852, and a covalent small molecule KRAS G12C inhibitor ARS-1620. In addition, the NBBA is suitable for use at small scale by transient expression in cells or at high scale using stable cell line expression of the target proteins of interest. Finally, the NBBA produces excellent Z' values, which makes it a suitable assay for PPI or drug screening.
Interaction of RAS proteins with their effector enzymes underpins key aspects of both normal cellular growth control and also the aberrant proliferation seen in the roughly 15% of cancers that express mutationally activated RAS oncogenes. Many approaches have been taken to attempting to inhibit RAS oncoprotein function, but it has proven to be an extremely challenging drug target 6 . One possible angle is to screen for small molecule inhibitors of the interaction of RAS with its effectors, either RAF or PI3K isoforms. Screening the RAS/ RAF interaction has long been feasible, for example using HTRF assays or alpha screens. However, possibly due to the tight nature of this interaction, it has not proven possible to find inhibitors from screening libraries in this way. As the interaction of RAS with PI3K is some 150-fold weaker, we surmise that it may be far easier to detect compounds in screens that will interfere with this weak interaction. We can speculate as to why the NBBA overcomes previous difficulties in developing reliable high throughput assays for this interaction of RAS with PI3K: one possibility is that the interaction between these two proteins is stabilized to some extent by the very weak (~200 µM) interaction of the fusion split luciferase partners 14 .
In addition, the correct post-translational modification of the proteins achieved in this human cell line derived expression system might also prove advantageous. In any case, the NBBA for the interaction of RAS with PI3K may provide an ideal setting for identifying inhibitors of this interaction in high throughput screens. More broadly, this biochemical, cell-free derivative of the NanoBiT split-luciferase cell-based assay may be very useful for high throughput screening for inhibitors of a number of important protein-protein interactions.
Methods
Construct generation and cloning
All constructs with their abbreviations are listed in Figure 7 . All inserts of the constructs used in this study are derived from human cDNA. The following full-length cDNA KRAS-G12C and p110α, and the PI3K-RBDs (RBDα aa133-314, were carried out according to the manufacturer's instructions using FuGene HD Transfection Reagent (Promega, E2311) diluted with Opti-MEM TM (Gibco TM , 51985-026) at a ratio of 3 (FuGene.): 1 µg (DNA). For individual transfection, 2 µg and 7 µg DNA were used in 10-cm and 15-cm dishes, respectively. In co-transfection experiments, 4 µg and 14 µg DNA in total were used for 10-cm and 15-cm dishes, respectively. In the case of Sm-KRAS and Lg-p110α co-transfection, we also transfected an equal amount of p85α-pcDNA, to ensure the stability and function of p110α protein.
After 48 hr of transfection, media was removed and the cells were washed once with ice cold phosphate-buffered saline (PBS) buffer. The cells were then harvested in 1X Passive buffer (Promega), sonicated for 10 s and centrifuged at 4°C for 10 min. The cell lysate was then quantified using a Protein Assay Kit (Bio-RAD, 500-0114), aliquoted (30 µl in PCR tubes), snap frozen in liquid nitrogen and then stored at -80°C.
NBBA protocol for PPI detection
Cell lysates after quantification were titrated by 2-fold serial dilution using titration buffer (TB; 25 mM Tris pH8, 100 mM NaCl, 0.5 mM TCEP) in CorningTM 384-well plates (Greiner 784904). The concentration of the titration range was based on the affinity of interaction between the target proteins (Lg-KRAS/ Sm-RAF 0.002-5 µg/µl in 20 µl and Sm-KRAS/Lg-PI3K proteins, from 0.01-10 µg/µl). The Nano-Glo Live Cell Substrate (Promega, N2012) was diluted in (Nano-Glo Live Cell Substrate (LCS) buffer, Promega, N2068) 1:20 to obtain 1X concentration, and added as 4 µl/20 µl reaction or 2 µl/10 µl reaction. Plates were then centrifuged 1000 rpm for 10-15 seconds and the luminescence signal was recorded immediately at time zero and every 5 min for 45 min, using PheraStar FSX Detection System (BMG Labtech). Negative controls, either Sm-RAS/Lg-RBDα-DM or Lg-RAS/Sm-RAF-M, at the same cell lysate concentration as the target PPI of interest were run in all experiments. These negative controls produced an average signal from 200-300 RLU. A signal of positive PPI was considered if it was above 3-4-fold higher than the signal arising from the negative.
Typical cell lysate serial dilutions for NBBA were produced as follows:
For a 10µl reaction example: for a titration range 0.002-5 µg/µl (12 titrations), 8 µl of TB was added to all tubes (with the exception of the first tube). The cell lysate was diluted to 5 µg/µl in 16-µl volume. Next, 8 µl was taken from the first tube and mixed with the 2 nd tube, then 8 µl was taken from the 2 nd tube and mixed with the 3 rd tube. This process was repeated to the last titration concentration 0.002 µg/µl (tube 12). This was followed by the addition of 2µl 1X Nano-Glo to all 12 tubes.
For a 20 µl reaction example: similar to above, with the exception that first the cell lysate was diluted at 5 µg/µl in 32-µl volume. Then, 16 µl from the first tube was used for mixing with the rest of the tubes (already containing 16 µl TB). This was followed by the addition of 4 µl of 1X Nano-Glo. A schematic presentation of the titration steps is illustrated in (Figure 8 ).
Note 1: as protein expression will vary to some extent in each transfection, we ensured with every new lysate that we applied the above titration steps to determine the optimum lysate concentration needed to detect a reliable interaction signal (3-4 fold higher than the negative control). As described above, the cell lysate was then aliquoted, snap frozen in liquid nitrogen and stored in the -80°C.
Note 2: When cell lysate aliquots were thawed after storage at -80°C, we also repeated the above titration steps to ensure that the PPI was unaffected by freezing and had not lost activity.
NBBA protocol for PPI inhibition
In all the PPI inhibition experiments we adopted the following procedure: The cell lysate concentration of a positive PPI was selected at the point where it gave a luminescence signal 3-4-fold higher than the negative control (i.e. positive PPI signal 1000-1200 RLU and the negative control 200-300 RLU). This was to ensure that the lysate concentration was sufficiently high to detect the PPI, but not too high to detect a weak PPI inhibitor.
After incubation of the inhibitors with the cell lysate (producing the PPI of interest), and the addition of Nano-Glo, plates were centrifuged (as above) and the signal was collected immediately for 45 min.
Competition assay
Co-expressed Sm-KRAS/Lg-RBDα 1 µg/µl, and the individually expressed Sm-KRAS, 0.5 µg/µl and Lg-RBDα 5 µg/µl were aliquoted in 19 wells. Lg-RBDα-DM served as a negative control. Purified RAF-RBD was titrated in all wells in a serial 2-fold dilution from 4-0.000015 µM. The plate was incubated on ice for 15 min, followed by the addition of 4 µl 1X Nano-Glo (per 20-µl reaction volume), and the luminescence signal was measured. ARS-1620 experiment HEK293 cells were seeded in 10-cm plates, and co-transfected with Sm-RAS and Lg-RBDα/DM (as described above). After 48 hr of transfection, the cells were treated with 2 and 10 µM ARS-1620 for 4 hr. The cells were then harvested and lysed in Passive buffer, sonicated and the cell lysates were quantified. The ARS-1620 cell lysates were aliquoted in multiple wells along with the control (untreated) Sm-KRAS/Lg-RBDα cell lysate). Following addition of 4µl 1X Nano-Glo (per 20µl reaction volume), the luminescence signal was measured.
Stable cell line development and maintenance
Lg-KRAS and Sm-CRAF were selected for the generation of stable cell lines. Constructs were transfected and selected separately. ExpiCHO-S cells were diluted to a density of 2×10 6 cells/mL in 10 mL of Gibco ExpiCHO Expression Medium (Thermo Fisher Scientific). For transfection, 2 µg of DNA was diluted in reduced serum medium Opti-Pro (Thermo Fisher Scientific) to a total volume of 0.6 ml. Transfection reagents ExpiFectamine CHO (Thermo Fisher Scientific) were diluted at a ratio of 1:2.7 (plasmid: reagent) in reduced serum medium in a total volume of 0.6 mL. The solution was incubated at room temperature for 1 minute. After incubation, diluted DNA and transfection reagents were mixed and incubated for 5 minutes. The mixture was added to the cells drop by drop. Cells were incubated at 37°C in a 125-rpm shaker incubator with 8% CO 2 for 24 hours and then diluted to 1×10 6 cells/mL in 30 mL medium with 250 µg/mL of Geneticin Step 1: An example of a cell lysate titration experiment ranging from 0.002-5 µg/µl concentration (12 tubes). The cell lysate will be diluted in TB at a concentration of 5 µg/µl in 16µl volume. The rest of the tubes will contain 8 µl TB. The titration steps start by taking 8µl from the 1 st tube and mixing it in the 2 nd tube, this step is repeated until tube 12.
Step 2: The addition of 2 µl Nano-Glo reagent in all tubes. The above steps present the NBBA reaction preparation in tubes, however the same procedures are also applied in 384 well plates. For the 20 µl NBBA reaction, the same steps are the same with the exception that the first tube will contain 5 µg/µl cell lysate in 32 µl volume, followed by the addition of 4µl 1X Nano-Glo.
(Thermo Fisher Scientific). Every 3-4 days, cells were selected and diluted in medium with Geneticin until they reached the usual ExpiCHO-S cell division rate of 3 times every 24 hours. Once the division rate became stable and cell viability was maintained at >98%, transfection of the second DNA constructs was carried out using the same procedure as the first transfection. Transfected cells were selected by both 250 µg/mL of Geneticin and 200 µg/mL of Hygromycin B (Biovision).
Protein expression and purification KRAS-G12C expression, purification and loading with GppNHP (Sigma G0635-5MG) or GDP (Sigma G7252) was performed using established protocols 14 .
p110α: details outlining construction of plasmids used to express the p110α and p85α subunits of PI3K are given previously 14 . Sf21 (Life Technologies) insect cells were co-infected with baculoviruses encoding GST-fusions of the p110α and p85α subunits and cultures allowed to grow at 27°C with shaking for three days. Cell pellets were then harvested and stored at -80°C until required. For purification, the thawed cell pellets were resuspended in buffer containing 50 mM HEPES (pH 8.0), 250 mM NaCl, 10% glycerol, 10 mM ß-glycerophosphate, 1 mM EDTA, 1 mM NaF, 10 mM benzamidine, 1 mM DTT and protease inhibitor cocktail (Roche), lysed by sonication and centrifuged to remove insoluble material. PI3K complexes were extracted from the soluble fraction of the lysate by affinity chromatography using glutathione agarose (GE Healthcare). Complexes were then cleaved from the resin by overnight digestion with HRV 3C protease, purified by gel-filtration and snap frozen in buffer containing 50 mM HEPES (pH8.0), 200 mM NaCl, 5% glycerol, 1 mM DTT.
HTRF assays KRAS-G12C/CRAF-RBD interaction: biotinylated RAS-G12C_ GppNHP or GDP were labelled with the donor dye Streptavidin-Europium, and GST-CRAF-RBD was labelled with anti-GST XL665 dye as an acceptor. Anti-GST XL665-CRAF-RBD was mixed at 10nM with 5nM of either Streptavidin-Europium-RAS-G12C_GppNHP or GDP, incubated for 15min and data collected using the plate reader (PheraStar FSX Detection System (BMG Labtech)).
KRAS-G12C/p110α interaction: for the first experiment, 10 nM of Anti-GST-p110α labelled with XL665 (acceptor) were mixed with 3µM Streptavidin-Europium-RAS-G12C _GppNHP or GDP (donor). For the second experiment, 10nM of Europium-GST-p110α (donor) was mixed with Streptavidin-XL665-RAS-G12C _GppNHP or GDP (acceptor). In both experiments the reactions were incubated for 15min and data collected as above.
Data analysis
All experiments were performed in replicates of n=3, including the blank control wells (Nano-Glo in titration buffer). At the selected time points, measurements of all reactions were averaged and subtracted from the average signal of the blank control value. The average signals were plotted and fitted to lines and curves using GraphPad Prism 8. Z-prime (Z') values, the statistical parameter used to assess the quality of a screening assay, were calculated using the formula:
where σ − and σ + represent the standard deviation of the luminescence signal of the positive control (Sm-KRAS and Lg-RBDα) and negative control (Sm-KRAS and Lg-RBDα-DM) respectively and µ − and µ + represent the mean luminescence signal of the positive control and negative control respectively. 0 < Z' < 0.5 represents a 'do-able assay' and 0.5 ≤ Z' < 1 represents an 'excellent assay' 25 .
Data availability
Underlying data Open Science Framework: NBBA (NanoBit Biochemical Assay). https://doi.org/10.17605/OSF.IO/MGKQV 19 .
This project contains the following underlying data:
• All plates analysis (CSV):
All the plates were analysed to obtain the mean and the SEM (Standard error mean) and plot the data for each experiment/figure. 
2.
KRAS-CRAF-RBD experiment or when PI3Ka was labeled with europium (compare Figure 2B with 2A or 2C). The statement in the text indicating "only a low signal was achieved ( Figure 2B, C) " is confusing and the authors should clarify.
